Toll-like receptors (TLRs) are critically involved in the innate immune response to bacterial, viral and fungal pathogens. We have studied human peripheral blood mononuclear cells, murine embryonic fibroblasts (MEFs) and a panel of human cell lines, including HEK, HeLa, AGS, ECV304 and U373 cells, for expression of TLR-specific mRNAs and for TLR-ligand dependent cytokine secretion. Peripheral blood cells expressed multiple TLRs; however, many studies have shown that blood contains multiple, heterogeneous cell populations with distinct patterns of TLR expression. Cell lines had variable expression of TLRs, and in most cases lacked TLR2 and TLR8 expression and only weakly expressed mRNAs for TLR5, TLR7 and TLR9. In contrast, MEFs expressed high levels of mRNA for TLR1, TLR2, TLR3, TLR4, TLR5, TLR6, TLR7, TLR8 and TLR9. MEFs were highly responsive to TLR-ligand activation and secreted high levels of both IL-6 and MCP-1 in response to TLR ligands. MEFs from mice with targeted deletions of TLR2, TLR4 and MyD88 demonstrated profound defects in their IL-6 response to their specific ligands, consistent with studies of macrophages and tissues from adult knockout animals. MEF cultures are homogenous and amenable to biochemical analysis and should allow rigorous studies of the contribution of individual TLRs to the innate immune response.
INTRODUCTION
Much of what is known about TLR activation is based on studies of human embryonic kidney (HEK) cells and studies of murine myeloid and dendritic cells from wildtype and knockout (KO) mice. 1 As many cell lines are of tumor origin, it is unclear if their responses to TLR activation are representative of the normal innate immune response. The establishment of normal cell lines would greatly facilitate the study of TLR signaling. Homogenous cell lines are a valuable resource for biochemical and cellular studies of signal transduction pathways.
We have now analyzed a panel of human cell lines for expression of TLR mRNA and responsiveness to TLR ligands. Although tumor cell lines contain TLR mRNAs, their expression is variable and does not always correlate with TLR responsiveness as measured by cytokine secretion. On the other hand, murine embryonic fibroblasts (MEFs) express TLR mRNAs and are highly TLRresponsive. Our results indicate that MEFs are excellent model cell lines for analysis of TLR responses.
MATERIALS AND METHODS

RNA extraction
RNA extraction was performed using the QIAGEN RNeasy Kit™ according to the manufacturer's instruc-tions (Qiagen Inc., Valencia, CA, USA). The RNA was stored in RNAse-free water at -80°C.
DNase treatment
RNA samples were DNase treated using Ambion DNA-free™ according to the manufacturer's instructions (Ambion, Austin, TX, USA).
RT-PCR
Reverse transcriptase-PCR was performed using QIA-GEN ® One Step RT-PCR Kit according to the manufacturer's instructions. The MJ Research, Inc. (Watertown, MA, USA) thermal cycler was used with 35 cycles and annealing temperatures of 50-55°C.
Primers
Intron-spanning, gene-specific RT-PCR primers were selected and optimized using MacVector software. Primers were purchased from Integrated DNA Technologies (Coralville, IA, USA)
Murine embryonic fibroblasts (MEFs)
Mice deficient in TLR2, TLR4 and MyD88 were generously provided by Dr Shizuo Akira. The TLR2 and TLR4 KO mice were generated by gene targeting 2,3 and were provided as F2 interbred 129xC57B6 mice. MyD88 KO mice were provided as F5 backcrossed into the C57BL/6 background. 4 Wild-type control mice were bred from C57BL/6x129F2 or C57BL/6 mice obtained from Jackson Laboratories (Bar Harbor, ME, USA). Fibroblasts were isolated from E14-E16 embryos as described by Todaro and Green. 5 Briefly, embryos were incubated overnight in ice-cold 0.25% trypsin/EDTA (Gibco). The trypsin was activated by incubation at 37°C for 15 min followed by dispersion of the cells. Cells are cultured in high-glucose DMEM supplemented with 10% HyClone FCS. Cells were passaged at a density of 10 4 per cm 2 every 3 days.
Cell cultures
Human cell lines were obtained from ATCC or were the kind gifts of Dr Douglas Golenbock and Dr Timothy Wang (University of Massachusetts Medical School). AGS, gastric adenocarcinoma; HeLa, cervical epithelial carcinoma; HEK293, embryonic kidney cells; U373, TLR1  TGAACACTAATAGGGGTACCAGGC  GAACACATCGCTGACAACTTGGTG  1087  TLR2  TGCCCATTGCTCTTTCACTGC  CGCAGTTCCAAACATTCCACG  744  TLR3  CAACTCAGAAGATTACCAGCCGC  CCTCACATTGAAAAGCCCGTG  792  TLR4  CAAAATCCCCGACAACCTCC  TGTAGAACCCGCAAGTCTGTGC  459  TLR5  CTTCTCCACAGTCACCAAACCAG  AGATGGAACAGTCCCTGAAAAGC  737  TLR6  CATAGAAACGACTTGGAAATGCC  AAAACTTGAATGTGCTTGGTGC  299  TLR7  GCTCTCTTCAACCAGACCTCTACATTC  CGGCTGTGACATTGTTATCTTTCAGG  703  TLR8  TTCTGCGCTGCTGCAAGTTACGGAATG  TGAAGCACCACCATCACAAGGCACG  873  TLR9  TCTTACTTCCTCTATTCTCTGAGCCG  TTCCACTTGAGGTTGAGATGCC  419  TLR10  TGGCTTGGTATTCACTGGCAGG  CCGTTGTTGAGGTAAGTCAGGATTC  349 Primers for RT-PCR analyses of mouse TLRs Reverse sequence  Product size   TLR1  ATCGGTTTGGAACTGTCTAA  GAAATGGGCTAACTTGGGACG  412  TLR2  GAGCGAGCTGGGTAAAGTAGAAA  AGCCGAGGCAAGAACAAAGA  528  TLR3  TCTCTGGGCTGAAGTGGACAA  AGCAAGGGAGAATGAGCAAGTGAC  427  TLR4  CAGTGGGTCAAGGAACAGAAGC  GACAATGAAGATGATGCCAGAGC  540  TLR5  CGGCCTCTGTTGGGATGTT  GACCGCATGGCTTCCTCTTC  438  TLR6  GAAGCATGACCCCGTTCTCTAAT  AGGTTGCCAAATTCCTTACACAC  367  TLR7  GGGGTCCAAAGCCAATGTGT  CGAGGGCAATTTCCACTTAGG  471  TLR8  AATGGCATTTACACCCTCACAGA  AGCCAGCTTCGAAAATCACTTATG  581  TLR9  ACAGTATCGTCTCTGTGGTC  CAGAGATGGTGCAGTATAGG  348 astrocytoma; ECV304, umbilical endothelial cells. Peripheral blood cells were obtained from healthy adults with informed consent. Mononuclear cells were isolated by gradient centrifugation, as previously described. 6 PBMCs (10 6 /ml) and cell lines (10 4 -10 5 /ml) were cultured in 24-well tissue culture plates and challenged with TLR-ligands for 18 h. Supernatants were harvested and stored frozen prior to cytokine analysis. Cytokine levels were assayed using cytokine (IL-6, MCP-1, IL-8, and RANTES) specific OptEIA ELISA kits purchased from BD Pharmingen. 
Primer for Forward sequence
RESULTS AND DISCUSSION
We first examined the expression of mRNAs for TLRs 1-9 in normal human blood by RT-PCR. Peripheral blood mononuclear cells (PBMCs) expressed mRNAs for TLRs 1-9 ( Table 1 ). The mRNA levels were highest for TLR2 and TLR4 but mRNA for all of the TLRs could be detected both by RT-PCR and by targeted microarray analysis (SuperArray Bioscience, Frederick, MD, USA). Although TLRs 1-9 were all represented, blood cells are heterogeneous in their expression of TLR proteins. We have previously shown by FACS analysis that TLR2 and TLR4 are highly expressed on monocytes and while only TLR2 is expressed on neutrophils in peripheral blood. 6 Monocytes comprise less than 10% of peripheral blood cells in normal donors, but are the major TLR4 expressing cell type. 6 Consistent with their expression of TLR2 and/or TLR4 proteins, both monocytes and neutrophils secrete cytokines when challenged with TLR2 ligands, such as zymosan and peptidoglycan, while monocytes respond vigorously to challenge with purified LPS. 6, 8 Similar studies have established that TLR7 and TLR9 are expressed primarily on plasmacytoid dendritic cells, which comprise less than 1% of peripheral blood cells. 9 The heterogeneity of blood cells complicates their use for biochemical analysis of individual TLRs. Therefore, we sought to develop a homogenous cell system to use for analysis of TLR signaling. We next examined the expression of TLR mRNA in cell lines. In contrast to PBMCs, all of the human cell lines that were tested lacked mRNAs for several TLRs (Table 1) . For example, HeLa, HEK and U373 cells lack TLR2 mRNA. All three of these cell lines were unresponsive to challenge with TLR2 ligands, but did secrete cytokines in response to TNF-α ( Table 2) .
Two human cell lines, AGS and ECV304, contained mRNA for TLR2 (Table 1) . Despite the presence of TLR2 mRNA, neither of these cell lines was activated when challenged with either peptidoglycan or zymosan, two known TLR2 ligands ( Table 2 ). Studies of Melmed et al. 10 also suggest that intestinal cell lines are generally unresponsive to TLR2 ligands. Although AGS and ECV304 cells did not respond to TLR2 ligands these cell lines did, however, secrete cytokines in response to challenge with IL-1β and TNF-α, respectively ( Table 2) .
U373 and AGS cells express mRNA for TLR4 but were unresponsive to LPS unless transfected with CD14. Stable U373-CD14 and AGS-CD14 transfectants were activated by challenge with LPS to secrete IL-6 and IL-8, respectively (Table 2 ). CD14 transfection was not sufficient to confer responsiveness to TLR2 ligands. All of the cell lines were negative for TLR8 and only weakly expressed TLR5 (Table 1) . When PBMCs were activated through TLRs, these cells secreted multiple cytokines and chemokines, including TNF-α, IL-1β, IL-6, IL-8, MCP-1 and RANTES. In contrast, cell lines produced a limited range of cytokines. HEK and AGS cells secreted IL-8, while HeLa cells produced both IL-6 and IL-8 ( Table 2 ). U373 and ECV304 cells secreted IL-6 ( Table 2) .
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Although cell lines were relatively homogenous and expressed some TLR mRNAs, we sought to identify a homogenous source of normal, TLR-responsive cells.
We analyzed the expression of TLR mRNA in MEF cell lines (Fig. 1) . MEFs are a source of homogenous, proliferating normal fibroblasts. 5 Furthermore, MEFs have been shown to secrete IL-6 in response to TLR2 ligand stimulation. 11 MEF proliferation was sustained over 10-11 passages in vitro and then declined over a further 5-10 passages (data not shown).
Wild-type MEFs expressed high levels of TLR1-9 ( Fig.  1 ). MEFs derived from TLR2 knockout mice expressed all of the TLR genes with the exception of TLR2 (Fig. 1) . Similarly, MEFs from TLR4 knockout mice expressed all of the TLR genes with the exception of TLR4 (Fig. 1) .
Activation of wild-type MEFs with TLR2 ligands, including zymosan, peptidoglycan, Pam 2 CSK 4 and Pam 3 CSK 4 , induced the secretion of IL-6, MCP-1 and RANTES ( Fig. 2 and data not shown). Similarly, challenge with the TLR4 ligand, LPS (Fig. 2) , the TLR3 ligand, polyI:C (Fig. 2) or the TLR9 ligand, CpG DNA (data not shown), induced the secretion of multiple cytokines. TLR2 knockout 422 Kurt-Jones, Sandor, Ortiz et al. MEFs were unresponsive to TLR2 ligands, but remained responsive to TLR4 (LPS) stimulation (Fig. 3 ). TLR4 knockout MEFs responded to TLR2 ligands and to IL-1β, but not to the TLR4 ligand, LPS (Fig. 3) . MEFs from MyD88 knockout mice were unresponsive to TLR2 ligands, TLR4 ligands and IL-1β (data not shown). MyD88 knockout MEFs did, however, secrete cytokines in response to the non-TLR ligand, TNF-α. 
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